The production of consistent, high-quality laser welds on zinc-coated steels for the automotive industry remains a challenge. A simple overlap joint geometry is desirable in these applications but has been shown to be extremely detrimental to laser welding because the zinc vapour formed at the interface between the two sheets expands into the keyhole and disrupts fluid flow in the melt pool, which often leads to metal ejection. In this work, laser welding on sheets with various coating thicknesses has been performed and it is observed that the sheets with thick coatings (∼20 µm) show surprisingly good weldability. High speed video camera visualizations of the keyhole provide insight into the keyhole dynamics during the process. It appears that the dynamic pressure of zinc vapour can effectively elongate the keyhole and the process can reach a stable state when an elongated keyhole is continuously present. A simple analytical model has been developed to describe the influence of zinc vapour on keyhole elongation.
Introduction
Laser welding of zinc-coated steel sheets in an overlap joint configuration is commonly used in the automotive industry. A major problem that arises when welding these materials is associated with the vaporization temperature of zinc (906
• C), which is much lower than the melting temperature of steel (1530 • C). In an overlap configuration, the zinc vapour produced between the sheets during welding will vent through the keyhole, particularly when no gap is present between the overlapping sheets. This causes unstable fluid flow and molten metal is often ejected from the pool, resulting in the formation of pores and severe undercut.
One of the first methods introduced and still in use today to overcome this problem is to set a gap between the sheets prior to the welding, usually in the range 0.1-0.2 mm, which provides a channel for the escape of the zinc vapour [1] [2] [3] [4] . However, this solution can be undesirable because of the difficulty associated with maintaining such gaps in industrial configurations. Another possibility involves enlarging the keyhole in order to facilitate the escape of zinc vapour, by using elongated or dual focus laser spots [4, 5] . This method can minimize the destabilizing influence of zinc vapour on the melt pool; however, it requires careful control of the laser power distribution. Reduced power intensity on the material surface and hence reduced productivity limit the attractiveness of this method.
Previously, it was reported that welding of zinc-coated sheets without any special arrangements can be successfully performed under certain circumstances [6] [7] [8] . In this work, the weldability of materials with two different coating thicknesses has been studied. High-speed camera visualization techniques have been employed to explore dynamic changes in keyhole dimensions. It is found that while some sheets with a 7 µm zinc coating thickness are difficult to weld with zero gap, others with a 20 µm zinc coating thickness, which might be expected to exacerbate process instability, show good weldability. This surprising result is associated with keyhole shape and dynamic variations. An analysis of keyhole evolution is presented for both stable and unstable cases and possible reasons for the observed behaviour are considered. A simple analytical model is suggested relating operating parameters (welding speed) and material properties (coating thickness, surface tension and density) to describe the influence of zinc vapour on keyhole geometry. 
Background
The stability of a weld pool is governed by a number of factors. Surface tension plays a significant role in retaining the weld pool, and is a complex function of temperature [9] , pool geometry and surface chemistry [10] ; all of which may vary with time and position. Temperature is determined by the balance of heat input and heat losses and shows strong spatial variation in fusion welding processes. During laser welding the surface tension distribution is dependent on the laser beam power and the power density, which influence pool size and surface temperature distribution as well as pool chemistry (through vaporization). High-power density laser beams, for example, can create local evaporation, and the reaction forces generated at the pool surface give rise to keyhole opening. The dynamic behaviour of the keyhole is decisive for the welding process. Keyhole fluctuations, particularly parallel to the welding direction, can stimulate weld pool oscillations. Conversely, large oscillation amplitudes of the melt pool may lead to a collapse of the keyhole and result in weld seam defects such as porosity and undercut [11, 12] . To keep the keyhole open, the energy balance and the pressure balance at the keyhole wall must be satisfied [13] . The metal vapour inside the keyhole acts against the surface tension to keep the keyhole open [13, 14] .
Inside the melt pool during a laser welding process, different types of melt flow can take place, driven by buoyancy, surface tension gradients, surface drag due to impinging gas flows or vaporization [15, 16] . The relative importance of the driving forces varies with operating conditions. Marangoni convection driven by surface tension gradients is dominant when welding at relatively low speeds [17, 18] ; however, it has been reported to be less dominant with increasing welding speed [19, 20] or when a side gas jet is applied [20, 21] . Another major feature of the melt flow includes liquid transport around the keyhole [16, 22] . The driving force for this motion is the evaporation recoil pressure at the front of the keyhole, controlled by the input laser power, power density and welding speed [16] . At lower welding speeds the melt pool between the keyhole and the melting isotherm is wide, resulting in a less constrained, low-speed flow. At high welding speeds, a much higher liquid metal flow speed is generated because the volume of metal melted per unit time increases and the melt pool between the leading edge of the keyhole and the melting isotherm becomes dense [23, 24] . This melt flows around the keyhole, collides with the slowly moving weld pool and is forced upwards and downwards, forming a weld bead shape with a central peak and undercut at either side [16] .
Fluid flow has a substantial influence on energy transport within a liquid weld pool, and changes in flow pattern may substantially alter the shape of the pool [25] . Changes in laser power, power density or pool size will have some influence on vaporization and the reaction forces generated at the weld pool surface.
When welding zinc-coated sheets in an overlap configuration, the influence that zinc vapour exerts on weld pool fluid flow and energy transport is strongly dependent on the flow geometry. During bead-on-plate welding or overlap welding with gaps of 0.1 mm between the sheets (such that zinc vapour can escape), zinc vapour has only a small influence on weld pool size and shape. Conversely, when stake welding with no gap between the sheets, vapour escape through the melt pool can lead to unacceptable instability [1] [2] [3] [4] . During laser welding the amount of zinc vaporized per unit time is the product of the mean coating thickness, the welding speed and the width of the region where the surface temperature exceeds the vaporization temperature of the zinc layer. This in turn is influenced by the welding speed, the beam power and the surface power density as well as the material thickness and thermo-physical properties. The way in which the vapour impinges on the weld pool and the subsequent influence on both process stability and weld pool geometry are considered in this work.
Experimental conditions
This study was carried out using a Nd : YAG (wavelength 1064 nm) laser with a nominal power of 3 kW. The focal distance was 150 mm, projecting the laser beam to a spot of 450 µm diameter. The laser beam was focused on the top surface of the sheet with the beam perpendicular to the surface. No shielding or backing gases were used in the tests. All welds reported were made at a beam power of 3 kW and welding speeds were varied in the range 25-55 mm s −1 . Experiments were performed on 0.8 mm thick DX54D hot dip galvanized (GI) zinc-coated sheet steels with nominal zinc coating thicknesses of 7 and 20 µm. The chemical composition of the base steel is given in table 1. After welding, the specimens were checked visually and cross-sections were made. Visual weld quality was quantified by a length fraction, defined by the length of the weld seam without any pores or severe undercut divided by the total length of the seam. The average length fractions were determined for 3 welds of 100 mm length per parameter set.
The dynamic behaviour of the keyhole was filmed with a Phantom v5.0 CMOS camera at a sampling rate of 30 000 fps. The camera was placed coaxially with the laser beam. The laser focusing lens provided an image of the top surface of the keyhole and melt pool, directed towards the camera by means of a dichroic mirror mounted inside the laser head, as shown in figure 1 . Since the keyhole and vapour plume are well illuminated by process radiation, no external illumination was necessary.
Temperature measurements were performed with standard 0.13 mm diameter K-type thermocouples to determine the position of the zinc boiling isotherm at the interface between the two sheets. The locations of the thermocouples are shown schematically in figure 2. Thermocouples were attached on the cleaned surface along a line perpendicular to the welding direction. Small pieces of ceramic were used to isolate the individual thermocouple wires. The exact positions were measured after welding to determine the position where the maximum temperature approached the zinc vaporization temperature of 1180 K.
Results
Prior to welding, the coated sheets were sectioned to examine the original coating thickness and thickness variations. Measurements were performed at intervals of 1 mm along a 100 mm sample length. Results show an average thickness of 21.4 µm for the 20 µm nominal thick coating thickness, with a standard deviation of ±1.6 µm, and an average thickness of 8.7 µm for the 7 µm nominal coating thickness with a standard deviation of ±2.2 µm ( figure 3) .
The weld quality, quantified by the length fraction, is shown in figure 4 . As expected the presence of the zinc coating reduces the weld quality. It is notable that better quality welds were obtained for the 20 µm coating thickness GI sheets, while the welds on steels with a 7 µm coating thickness showed a significant number of defects. It is also found that better quality is obtained at lower welding speeds. Typical transverse cross-sections of welds are shown in figure 5 . It can be seen that weld quality is relatively good, with uniform zinc layers adjacent to the weld at the steel interface for the 20 µm coating thickness (figure 5(a)), which is in agreement with previously published results [26] . In contrast, a poor quality weld is found in the case of the 7 µm coating thickness, as shown in figure 5(b). Large pores are found in the fusion zone, some of which are filled with zinc, indicating that these pores connect with the sheet interface and that liquid zinc can flow during weld solidification. It is also found that there is only a very irregular appearance of zinc adjacent to the weld at the interface. According to the visual inspection and element mapping, no zinc is found in the weld zone [27] ; this indicates that zinc diffusion into the weld pool is negligibly small and that almost all the zinc that is vaporized escapes through the keyhole.
Weld end craters were sectioned longitudinally to examine the zinc distribution in front of the keyhole and results are shown in figure 6. In figure 6 (a), it can be seen that the liquid steel on the keyhole front wall is completely penetrated by the zinc vapour, and liquid zinc has flown through the resulting channel during solidification. In contrast, in figure 6(b) a separation region appears at the fusion boundary without penetrating into the keyhole. In this case liquid zinc is found to flow between the solid steel surface and the prior liquid steel melt pool.
Based on coaxial views of the keyhole opening for zinc coated and non-coated steels (figure 7), the keyhole geometry can be approximately reconstructed with respect to the inclination of the keyhole front wall and the shape of the keyhole top aperture. The grey scale indicates a combination of both laser and radiative intensities. The bright zone on the images indicates the material directly exposed to the laser beam. The dark area in the centre of keyhole indicates that the steel sheets have been fully penetrated. Here the laser beam travels through the keyhole without any laser-material interaction. It is found that the keyhole widths are virtually constant, being defined by the incident focal spot dimensions. In contrast, the keyhole length increases when welding zinccoated sheets, and a channel for zinc vapour evacuation forms. This corresponds to the dark line in the middle of the keyhole front wall, which indicates that the zinc vapour penetrates the liquid film at this location and escapes into the keyhole. This elongation effect is readily apparent in the case of the 20 µm zinc coating thickness (figure 7, images on the right). During welding of bare steels, a characteristically sloping rear keyhole wall is expected as a consequence of laser beam reflection from the front wall [7] . This is evident in the photographs in the left column of figure 7. However, relatively straight rear walls are observed when welding zinc-coated steels.
Discussion

Zinc vapour evacuation through the keyhole front wall
In the numerical simulation presented by Geiger et al [28] it was shown that as the gap at the interface between two uncoated sheets welded in an overlap configuration increases to 0.05-0.1 mm, the liquid metal on the keyhole front wall tends to separate; i.e. a channel opens connecting the interface gap to the keyhole. It is reasonable to expect that this will occur at smaller gaps when a pressure gradient exists between the interface and the keyhole, caused, for example, by the evolution of zinc vapour.
It is shown in figure 3 that the thickness of the 20 µm coating is more uniform than that of the 7 µm coating. A more consistent supply of zinc vapour into the keyhole can be expected when welding the sheets with the thicker zinc coating. With a thick coating, as shown in figures 5(a) and (b), a more consistent zinc vapour evacuation channel will open, partly because of the constant zinc vapour pressure but also because a larger gap already exists after the vaporization of the 40 µm zinc coating at the interface. The visible presence of zinc vapour evacuation channels, as shown in figure 7 , was analysed to give the percentage of images showing the channel. For the 20 µm coating thickness, 94.6% show the presence of a channel at a welding speed of 25 mm s −1 and 92% at 45 mm s −1 , compared with 63.9% and 61.0% for the 7 µm coating thickness.
Keyhole elongation behaviour during welding
The keyholes with modified shapes shown in figure 7 are similar to those reported by Fabbro et al [7] and Schmidt [29] , which show that the keyhole shape is strongly influenced by the dynamic pressure of the zinc vapour. In order to develop a statistical evaluation of the keyhole geometry, a continuous video sequence of 10 240 images (representing a time period of 0.34 s) for steady-state welding was analysed for each parameter combination. The sequence was divided into 10 bins (groups) of consecutive images, each of them comprising 1024 images. Average keyhole lengths were calculated in each bin and the evolution of keyhole lengths is shown in figure 8 . When welding at 25 mm s −1 , the keyhole is elongated to about 0.93 mm (20 µm coating thickness) from 0.56 mm (bare steel). This effect is more significant when welding at 45 mm s −1 , ranging from 0.58 mm for bare steel to 1.34 mm for the steel with 20 µm thick zinc coating. It was reported that the inclination angle of the keyhole front wall increases with increasing welding speed, resulting in reduced direct transmission of the beam through the keyhole and increased beam absorption, due both to an increased exposure area and multiple reflections within the keyhole [20, 30, 31] . Fabbro et al [30] report that for a 1 mm thick steel sheet, increasing welding speed above 7 m min −1 (117 mm s −1 ), until no direct beam transmission through the keyhole occurs, results in an elongated keyhole due to the plume emitted from the keyhole front wall and the influence of laser beam reflections. However, the range of welding speeds examined here (25-55 mm s −1 ) is much lower than the speed reported to lead to an elongated keyhole and this behaviour does not explain the longer keyhole obtained when welding zinc-coated sheets.
Observation of constant keyhole widths for all of the welding cases studied (as shown in figure 7) suggests that approximately uniform zinc vaporization isotherms will arise ahead of the keyhole, independent of the coating thickness. This indicates that a higher mass flow rate is required to evacuate the zinc vapour in the case of the thicker coating. Hence a higher vapour dynamic pressure at a given position in the keyhole can be expected, which explains the longer keyhole obtained with the 20 µm coating. For a given coating thickness, it is observed that when the welding speed increases from 25 to 45 mm s −1 (a factor of 1.8), the cross-sectional area decreases. For the 20 µm coating thickness, for example, the area decreases by a factor of 1.1. Since parallel sided weld profiles are obtained (as shown in figure 5 ), the width of the weld waist also decreases by a factor of 1.1. Assuming that the zinc in the weld area is vaporized and leaves through the keyhole, the volume of the vapour expanding into the keyhole per unit time increases by a factor of 1.6 when increasing welding speed from 25 to 45 mm s −1 . Thus a higher mass flow rate is produced when welding at the higher welding speed, leading to a higher vapour pressure at a given position in the keyhole. This explains the longer keyholes obtained when welding at higher speeds. The standard deviations of measurements, shown as error bars in figure 8 , indicate the amplitude of the keyhole fluctuation. In contrast to the very stable keyhole behaviour obtained when welding bare steels, both coated materials show strong fluctuations as a result of weld pool eruption and induced melt pool oscillations. The mean fluctuation magnitude for both coated materials is shown in figure 9 . It is evident that the sheets with 20 µm zinc coating thickness show slightly smaller oscillations than those with 7 µm zinc coating thickness, independent of welding speed. It is also observed that the process is more stable when welding at the low speed. This is understandable because there is more time available for heat conduction and a larger zinc fusion zone can be produced at a lower welding speed. Such a zone is helpful because it reduces the effect of any sporadic change in the coating characteristics and consequently provides a more consistent supply of zinc vapour into the keyhole.
Although large fluctuation amplitudes are observed for both 20 and 7 µm coating thickness materials, it is found that the data distributions in a 0.034 s time period are quite different. The examples given in figure 10 reveal two modes of keyhole fluctuation. In the case of the 20 µm coating thickness ( figure 10(a) ), minimal fluctuations are observed and the keyhole mostly oscillates in a narrow range with occasional large excursions. This contrasts with the case of the thinner coating ( figure 10(b) ), where the keyhole continuously oscillates over a large amplitude.
Analytical model of keyhole elongation
In order to evacuate the vapour produced when welding steels with thicker coatings, a higher zinc vapour flow velocity will arise, and higher dynamic pressure therefore develops. The influence of zinc vapour evolution on keyhole elongation may be explained from an analysis of the pressure balance at the keyhole wall. For a stationary keyhole with a high aspect ratio, the following pressure balance is given by kroos et al [32, 33] :
where p v is the vapour recoil pressure, p i is the radiation pressure, p d is the hydrodynamic pressure due to a melt flow, p s is the hydrostatic pressure and p γ is the pressure due to surface tension. The right-hand terms try to close the keyhole whilst the left-hand terms have the opposite effect. Calculations can be found in the literature to estimate the values of the above terms [1, 14, 34 ]. It appears that p i and p s are small compared with other terms and for the purpose of the present discussion can be neglected. The hydrodynamic pressure p d is
where ρ is the liquid density and v max and v min are liquid flow velocities around the keyhole. The minimum velocity v min is assumed to be the welding speed v and the maximum velocity v max is calculated to be between 2 and 4 times the welding speed for welding speeds of 25 to 100 mm s −1 [22] [23] [24] . Hence this term is also negligibly small (<0.5 kPa) at low to moderate welding speeds. For a cylindrical keyhole we can therefore write
as a good first order description of the pressure balance. The surface tension pressure term is
where γ is the surface tension coefficient γ = 1.6 N m −1
(typical for the range of mean pool surface temperatures experienced) [9, 10, 34] and r is the average keyhole radius determined from camera images to be ∼0.26 mm. The surface tension pressure p γ is therefore of the order 6.2 kPa. For the elongated keyhole, the keyhole rear wall is not significantly exposed to the laser beam due to the longer distance from the keyhole front wall, which explains the darker rear wall observed when welding zinc-coated steels (see figure 7 ). Based on geometrical considerations, radiation due to reflection from the keyhole front wall onto the rear wall may also be expected to be small, thus, there is little laser-induced vaporization on the rear wall and the effect of p v is minor. The rear wall shape is mainly controlled by the surface tension of liquid metal, the hydrodynamic pressure due to the flow of molten steel and the zinc vapour pressure exerted on the rear keyhole wall. The zinc vapour impinges upon the rear keyhole wall restricting its forward motion. The resultant pressure p z plays an important role in maintaining an elongated keyhole. Fabbro et al [7] employed a simplified description of a free jet emitted from a nozzle, to estimate the pressure p z exerted on the keyhole rear wall [35, 36] . The flow on the axis of the jet is
where x is the distance along the axis of the jet from the exit of the nozzle (keyhole length here), p 0 is the reservoir pressure that feeds the jet and X 0 is a characteristic distance for the decrease in the velocity field of the emitted flow. An evaluation of X 0 for turbulent flow is given by the following empirical equation [7] X 0 = 3DRe c 16 ,
where D is a characteristic dimension of the nozzle exit, estimated here to be the total coating thickness at the interface, and Re c is the critical Reynolds number characterizing the laminar to turbulent transition for free jet flows. A typical value for Re c of 40 is given in the literature [35, 36] . It has been reported by Fabbro et al [20] and Kamimuki et al [21] that a side gas jet applied from a leading position can lead to a rearward melt flow. It is therefore reasonable to expect a similar effect when a vapour flow is applied from the middle of the keyhole front wall. Dasgupta et al [37] have modelled the velocity field of the melt during laser welding of GI steel by considering the effect of zinc as an additional pressure. They show that the presence of zinc vapour increases liquid metal velocity by 30% when welding sheets with a 7 µm coating thickness, with a laser power of 3 kW at a welding speed of 31 mm s −1 . From the high speed images shown in figure 7 , it is observed that the melt pool at the sides of the keyhole becomes narrower when welding zinc-coated steels, thus flow with higher velocity is required to maintain the mass balance. Hence the hydrodynamic pressure term p d needs to be taken into account. The magnitude of the hydrodynamic pressure, estimated based on the experimental observation of keyhole side walls, is given in table 2, which confirms that p d increases with increasing coating thickness. The pressure balance equation for an elongated keyhole is therefore
The surface tension term p γ is assumed to be constant and takes the same value calculated for the case of the cylindrical keyhole. This assumption is reasonable based on the observation that the radii of keyhole walls do not show significant differences when welding zinc-coated or non-coated steels (see figure 7) . With known hydrodynamic pressure p d , the zinc vapour pressure exerted on the keyhole rear wall p z can be evaluated; p z decreases with increasing welding speed and coating thickness as shown in table 2. The surface tension term p γ is a constant and the hydrodynamic pressure term p d increases with the increasing welding speed or coating thickness, a decreasing p z is therefore required to balance both sides of (7). In addition, p z varies inversely as the square of the distance from the exit x according to (5) .
Combining (2), (5), (6) and (7), and replacing v min by the welding speed v, results in the pressure balance
The maximum velocity v max is controlled by mass conservation. The metal melted at the keyhole front wall should be transported to the melt pool behind the keyhole. The mass of liquid steel melted per unit time iṡ
where w is the keyhole width, b is the width of liquid metal at the keyhole side wall (figure 10) and t p is the sheet thickness. The values of w and b were measured from recorded images with a pixel resolution of ±0.015 mm, and are given in table 2.
The mass flow rate given by (9) must be balanced by the melt that flows around the keyhole (along the keyhole side walls), which is of the order v max · 2b · 2t p · ρ, thus
The calculated v max are given in table 2. In the case of bare steel, the results obtained are in agreement with the published calculated values [22] [23] [24] (i.e. 2 to 3 times the welding speed).
It is reasonable therefore to use this expression to estimate the flow speed when welding zinc-coated steels. It is shown in table 2 that when welding sheets with the thicker coating, a higher melt flow velocity on the keyhole side wall is obtained, leading to a higher hydrodynamic pressure as discussed. A number of estimations for the reservoir pressure p 0 can be found in the literature [2, 7] , ranging from the saturation pressure of zinc vapour at the steel melting temperature (∼5 MPa) to the ferrostatic head (∼50 Pa). The reservoir pressure depends on the mass flow rate of zinc vapour given bẏ
where A n is the nozzle (escape channel) area, A s the area of the zinc vaporization front and subscripts z, v and s refer to zinc and vapour and solid states, respectively. Equating the reservoir pressure to the (vapour) dynamic pressure yields
Taking the first order assumption that the density of zinc vapour is proportional to the reservoir pressure; i.e.
Here v is the welding speed. p atm is the atmospheric pressure (1 bar), A n is the area of the gap at the keyhole front wall for zinc vapour escape, A s is the area of the zinc vaporization front. ρ is the density and subscripts z, v and s refer to zinc and vapour and solid states, respectively, and ρ
• z,v is the vapour density at standard pressure, which can be calculated using Clausius-Clapeyron equation.
The values of the variables involved in the equation are given in table 3. A n and A s are given by
where w and r v are defined in figure 11 . The keyhole width w is determined from the high speed images while r v is determined by temperature measurements performed at the interface between two sheets, and t c is the coating thickness. The values of the variables involved in the estimate of k 1 are given in table 3. An accurate evaluation of k 1 requires accurate data of the thermal field surrounding the weld and measurements of both the keyhole and zinc vapour jet. The estimate shown in table 3 is approximate because the nozzle area A n is affected by the reservoir pressure. When the pressure is less than the surface tension of the melt, this nozzle disappears. Hence, the actual nozzle area A n in the case of 7 µm coating thickness is smaller than the calculated value. This is also supported by the low appearance rate of the vapour escape channel when welding with a 7 µm coating. According to equation (13) , a decrease in A n results in a larger k 1 and p 0 . In contrast, for the case of the 20 µm coating thickness, A n can be larger than that calculated in table 3 because the vapour pressure makes a conically shaped nozzle as shown in figure 6 , leading to a reduction of k 1 and p 0 . Welding speeds also influence k 1 by decreasing A s with increasing welding speed. All these factors can result in some deviations from the estimation given in the 3 . In addition, the differences in k 1 for the different coating thicknesses are supported by examining the order of magnitude of the surface tension of the melt acting to close the channel on the keyhole front wall. This is calculated using (4), with a local surface tension coefficient of 1.4 N m −1 (at 3000 K) [9] and radius of corresponding coating thickness, resulting in 7 × 10 4 Pa in the case of the 20 µm coating thickness and 2 × 10 5 Pa in the case of 7 µm coating thickness. The higher surface tension in the case of thinner coating explains the higher reservoir pressure required to open the channel. In this case, the vapour evacuation channel appears less often, and elongation is not sustainable because the delivery of zinc vapour is not consistent due to the nonuniform coating, as shown in figure 2, resulting in significant keyhole fluctuations.
Despite these uncertainties, (13) may be employed together with (8) to determine the average keyhole length x, namely
The calculated keyhole lengths are compared with measured values in figure 12 . Predictions from this simple analytical model are in good agreement with experimental measurements and the model provides an explanation for the major trends observed, including the elongation of the keyhole due to zinc vapour jetting (figure 7) and extension of keyhole length with increasing welding speed and coating thickness (figure 8).
With increasing the coating thickness, both the characteristic dimension of the nozzle exit D and hydrodynamic pressure p d increase. These are consistent with the higher appearance rate of the zinc evacuation channel and the thinner side walls observed in the case of the 20 µm coating thickness. However, a smaller reservoir pressure p 0 is obtained with the thicker coating, which can be explained by the different nozzle sizes and smaller surface tension of the melt film on the keyhole front wall. A combined effect of these factors leads to a longer keyhole as shown in figure 12 . With increasing welding speeds, at a given coating thickness, p 0 and p d increase according to (13) and (2), as more zinc vapour needs to escape through the keyhole per unit time through the same nozzle size and the melt velocity around the keyhole increases when welding at higher speeds. 
Conclusions
We have shown that laser welding of steel sheets with a 20 µm zinc coating thickness, in an overlap condition and without the introduction of a gap to vent the zinc vapour, can produce welds of acceptable quality. This surprising behaviour is linked to the development of an elongated keyhole with minimal positional fluctuations on the rear keyhole wall. The relatively high stability of the weld pool is ascribed to the consistent delivery of zinc vapour into the keyhole. High speed coaxial visualization has shown that a zinc vapour evacuation channel is present on the keyhole front wall almost continuously during stable welding conditions and corresponding keyhole rear wall fluctuations are relatively small. Conversely, for sheets with a 7 µm zinc coating thickness, the vapour is found to be inconsistently emitted into the keyhole and the keyhole rear wall is subject to persistent and severe fluctuations.
For both coating thicknesses, relatively stable keyhole behaviour is observed at low welding speed, which is believed to be a result of a larger zinc vaporization zone. More consistent zinc vapour generation can be expected and this in turn contributes to process stability and improved weld quality.
A simple analytical model has been developed to calculate the keyhole length and predictions show good agreement with experimental results, indicating that the dynamic pressure of the zinc vapour is responsible for elongation of the keyhole. A longer keyhole is obtained when welding sheets with thicker coatings or when welding at higher speeds.
